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PREFACE

This report presents a monthly mean climatology of temperature, wind, and
geopotential height with nearly pole-to-pole coverage (80°S-80°N) for 0-120 km
which can be used as a function of altitude and pressure. The purpose of such
a climatology is to provide a reference for various atmospheric research and
analysis activities.

Data sources and methods of computation are described; in general,
hydrostatic and thermal wind balance are maintained at all levels and
latitudes. As observed in a series of cross sectional plots, this climatology
accurately reproduces most of the characteristic features of the atmosphere
such as the equatorial wind and the general structure of the tropopause,
stratopause, and mesopause. A series of zonal wind profiles is also presented
comparing this climatological wind with monthly mean climatological direct
wind measurements in the upper mesosphere and lower thermosphere. The
temperature and zonal wind climatology at stratospheric levels is compared
with corresponding data from the National Meteorological Center (NMC --
Washington, D.C.), and general agreement is observed between the two data
sets.

Tables of the climatological values as a function of latitude and height
for each month are contained in Appendix B. These tables are also contained on
a floppy computer diskette which can be read by machines compatible with IBM
PC's. The diskette is available on request from: Dr. Sushil Chandra, Code
616, NASA/Goddard Space Flight Center, Greenbelt, MD 20771.

PRECEDING PACE BIANK NOT FILMED
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LIST OF SYMBOLS AND CONSTANTS

Symbols and constants used in the figures and equations in the text
are listed below. Any deviations from this notation are described
in the text.

brackets denote zonal average
latitude
longitude
geopotential height (m)
geometric height (km)
pressure (mb)
) 3
density (kg/m”)
temperature (K)
zonal wind (m/s)
meridional wind (m/s)
zonal geostrophic wind {(m/s)
meridional geostrophic wind (m/s)
zonal wind at the equator (m/s)
meridional wind at the equator (m/s)
relative angular velocity (s~ ) (equation 7)
static stability (dimensionless) (equation A-2)
gravitational acceleration at sea level
as a function of latitude taken from ,
U.S5. Standard Atmosphere, 1976 (m/s°)
6370 km average radius of earth
= 7.292E-5 rad/s angular velocity of earth
- -1 .
287 J-deg ke gas constant for dry air
= 1004 J-deg -kg specific heat at constant pressure
= 0.286 = R/C ratio of gas constant to specific heat
P at constant pressure
T, = 240 K atmospheric reference temperature
8g < 9.81 m/s global average of gravity at mean sea level
H =7 km atmospheric scale height (RTS/gS)
po = 1013 mb reference pressure
sh = -1n(p/p,y) log-pressure scale height
z- = -HIn(p/p,) log-pressure altitude (km)
dx = aCo0s6dx eastward distance increment (km)
dy = ade northward distance incgement (km)
= 2Qsine coriolis parameter (s )
= df/dy = (20/a)coss beta-plane approximation (m™ -s” ')
afCcose tangential velocity associated
with the earth's rotation (m/s)
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1. [INTRODUCTION

Since the publication of the last COSPAR reference atmosphere (CIRA,
1972), numerous satellite and additional ground-based measurements of
temperature and atmospheric composition have become available encompassing the
entire globe from the ground to the upper thermosphere. This large influx of
new data has made CIRA, 1972 somewhat out-of-date and thus created a need for
a new climatology. The purpose of this report is to present a current,
comprehensive monthly mean climatology of temperature, wind, and geopotential
height, with nearly pole-to-pole coverage (80°S-80°N) which can be used as a
function of both altitude and pressure. Although data are available up to
1000 km, we confine this climatology to the region below 120 km, encompassing
the troposphere, middle atmosphere, and lower thermosphere.

We hope this climatology can be a useful reference for various research
and analysis activities, such as the numerical simulation of atmospheric
processes and the design and development of satellite instruments for
measuring atmospheric parameters. For example, this climatology provides
temperature and zonal wind data in the upper mesosphere and lower thermosphere
which would aid in the design and development of the Wind Imaging
Interferometer (WINDII) and the High Resolution Doppler Imager (HRDI) which
are to be flown on the Upper Atmospheric Research Satellite (UARS). It also
provides data in both pressure and altitude coordinates which can be used for
a variety of applications in theoretical and observational analyses.

We include a series of cross sectional contour plots of the data to
illustrate the accuracy of the climatology in reproducing the basic
atmospheric structure. We also present a series of zonal wind profiles
illustrating the differences between this climatological wind and monthly mean
climatological direct wind measurements in the 65-120 km region.

Since monthly mean data from the National Meteorological Center (NMC -
Washington, D.C.) is widely used for observational bases and numerical model
initialization, we illustrate the general agreement observed between the NMC
data and this climatology.



2. DATA SETS

The following global data sets were used in this report:

d) Global Atmospheric Circulation Statistics, 1958-1973,
compiled by Oort (1983) contains zonally averaged climatological monthly mean
temperature and zonal wind values for 80°S-80°N at five degree resolution for
the 1000, 950, 900, 850, 700, 500, 400, 300, 200, 100, and 50 mb pressure
lTevels. (Values at 80°S for 1000-850 mb were not included since these levels
are within the Antarctic land mass).

These values are based on data for 1963-1973 derived from the National
Meteorological Center (NMC, Washington, D.C.), the National Center for
Atmospheric Research (NCAR, Boulder, Colorado), Ocean Station Vessels (osv),
the British Meteorological Office (Bracknell, England), and the National
Climatic Center (Asheville, N.C.). After erroneous measurements were
eliminated, the original input data were interpolated from the irregular
station network to a regular global grid using an objective analysis technique
referred to as the Conditional Relaxation Analysis Method (CRAM). The
following is a brief description of this technique taken from Oort's atlas,
originally taken from a report by Harris et al. (1966). "In CRAM, the
procedure for interpolating between observations requires that the analyzec
grid point values satisfy Poisson's equation, subject to the constraints
imposed by the observations and an arbitrarily defined set of boundary values.
The observations determine the analysis through their role as internal
boundary points in the solution of Poisson's equation. Poisson's equation is
solved numerically by a relaxation procedure." A thorough explanation of CRAM
is contained in the atlas.

The zonal mean temperature and wind values for our climatology were
extracted from tables available on microfiches contained in the atlas.

b) Middle Atmosphere Program, Handbook for MAP, Volume 16,

(ed. by K. Labitzke, J.J. Barnett, and B. Edwards, 1985) contains global
climatological data sets in tabular form as generated at the Atmospheric
Physics department, Clarendon Laboratory, Oxford, England (hereafter referred
to as MAP data). These data sets are listed in Table 1. For data sets on
constant pressure surfaces, Jlog-pressure scale height, 1defined as sh =
-In(p/py), po=1013 mb, was used as the vertical coordinate.' These data tables
were obtained on magnetic tape from the Oxford laboratory. Details of the data
origins and computations as taken from the MAP handbook are described as
follows.

"Daily radiance measurements for the complete years 1973-1974 from the
Nimbus 5 Selective Chopper Radiometer (SCR -- Ellis et al., 1973) nadir
sounder were available for the latitude range 80°S-80°N covering the 100 -
0.3 mb pressure levels. The retrieval method was that due to Crane (1977,
1979a) for the study of a few months of winter SCR data. [ts use was extended
by Vyas (1984) to the complete years of 1973 and 1974. Channels B12, B34, and
Al of the radiometer were used, these having weighting functions peaking at
about 1.5, 8, and 60 mb, respectively. The radiances were Fourier analyzed

1 . . . . .
The height interval corresponding to one pressure scale height is
proportional to absolute temperature, and is 7 km ar 240 K.
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Table 1. Listing of monthly mean global climatological data available
in MAP Handbook #16.

ZONALLY AVERAGED DATA

VERTICAL VERTICAL LATITUDINAL

PARAMETER COORDINATE RANGE, RESOLUTION RANGE, RESOLUTION

A) Temperature altitude 0-80 km, 5 km 80°S-80°N, 10°

B) Pressure altitude 20-80 km, 5 km 80°S-80°N, 10°

C) Density altitude 20-80 km, 5 km 80°S-80°N, 10°

D) Temperature log-pressure 1013-.0062 mb, 0.5 sh¥ 80°S-80°N, 10°
(0.0-12.0 sh)

E) Geopotential log-pressure 137-.0062 mb, 0.5 sh 80°S-80°N, 10°
height (2.0-12.0 sh)

F) Ceostrophic log-pressure 137-.0062 mb, 0.5 sh 70°8-20°s, 10°

zonal wind (2.0-12.0 sh) 70°N-20°N

LONGCITUDINALLY VARYING DATA

The MAP Handbook contains monthly mean amplitudes and phases of zonal
waves 1 and 2 for temperature and geopotential height. These data are at
constant pressure surfaces for 83-.0062 mb (2.5-12.0 sh) at 0.5 sh intervals
from 80°S-80°N at 10° resolution.

around latitude circles at four degree resolution into zonal mean and zonal
wave components one to four. Each component was retrieved separately to obtain
the zonal mean and wave components of the temperature profile. This was done
with daily analyses and the resulting retrieved temperature coefficients were
averaged over calendar months, with each field containing the mean over the
corresponding months in 1973 and 1974.

The Nimbus 6 Pressure Modulator Radiometer (PMR -- Curtis et al., 1974)
nadir sounder provided daily radiance measurements from 80°S to 80°N covering
the 10-.01 mb pressure levels. Channels 1000, 1015, 2100, and 2115 were used,
these being radiances obtained from modulators 1 and 2 at 0° and 14.5° Doppler
Scan angles. The radiances were initially available on Tlatitude-longitude
grids (at intervals of 4° and 10°, respectively) for each day, and were
averaged to give mean fields on the same grid for each month from July 1975 to



June 1978. The data were then retrieved at each grid point separately using a
maximum probability estimator as described by Rodgers (1976).

Both the SCR and PMR temperatures were averaged over their respective
time periods to obtain one set of monthly means for each. The two data sets
were then merged by taking a weighted mean of the two which varies linearly
between 6 and 8 sh, approximately 40-56 km, such that:

T(sh) = T(SCR) sh < 6
T(sh) = (1-w)T(SCR) + wT(PMR) 6 < sh <8
T(sh) = T(PMR) sh > 8
where w = (sh-6)/2 and T is the zonal mean temperature or sine or cosine

component of the zonal temperature wave.

The MAP data also contain zonally averaged monthly mean temperatures for
1000-50 mb from Oort's (1983) atlas and 30 mb temperatures from the Berlin
analyses (based on radiosonde data). Between 30 and 10 mb, a smooth transition
was made to satellite data only so that SCR/PMR data was used exclusively
above 10 mb. Also, temperatures for the zonal wave components were derived
solely from satellite data.

Geopotential heights were obtained by integrating hydrostatically up and
down from the 30 mb monthly mean geopotential height analyses made by the
Berlin Free University, based largely on radiosonde data. The geostrophic
winds were obtained by differentiating the geopotential height fields over
four degree latitudinal intervals. Geostrophic wind values at 80°S and 80°N
were not included because geopotential height data were not available nearer
to the pole for a gradient to be found. Geostrophic wind between 16°S and 16°N
were also not included because the small values of the coriolis parameter near
the equator cause the geostrophic wind to be very sensitive to errors in the
geopotential height gradient.

Scaling factors from the Smithsonian Meteorological Tables (LIST, 1958)
were used to obtain the geometric height from geopotential height in order to
derive values on constant altitude surfaces.

The basic grid used for the calculations and interpolation had intervals
of 0.2 in log-pressure (sh) and 4° in latitude. Values were interpolated
(1inearly in Tlog-pressure in the vertical) to a coarser resolution of 10°
latitude and 0.5 in log-pressure (sh) and 5 km altitude for the tabulated
data.

Data from the Nimbus 7 Stratospheric and Mesospheric Sounder (SAMS), the
Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS), the Stratospheric
Sounder Units (SSU) on the Tiros-N series satellites, and radio/rocketsondes
were used as a check that the means were satisfactory. Because these data sets
cover different time and space domains (e.g., SAMS only covers the latitude
range 50°S-70°N, and LIMS data covers 64°5-84°N for less than a full year),
averaging over all available data sets for any point was found to lead to
discontinuities at data set boundaries. For this reason only the SCR and PMR
data sets were used in the final tabulated values since they both measure
nearly pole-to-pole.”

c) The MSIS-86 (Hedin, 1987) and MSIS-83 (Hedin, 1983) empirical models of
the thermosphere provide pole-to-pole temperature and composition data for the
entire thermosphere above 86 km. A wide range of solar and magnetic activities
can be implemented. The differences between the two versions are insignificant
below 120 km, thus the data for our use will hereafter be referred to as MSIS-
86 data.



The data were derived from satellite-based mass spectrometer and EUV
absorption measurements (on board the 0GO 6, San Marco 3, Aeros-A, AE-C, AE-D,
AE-E, and ESRO 4 satellites); rocket-borne mass spectrometer, EUV absorption,
pressure gauge, grenade, and falling sphere measurements; and ground-based
incoherent scatter radar measurements from stations at Millstone Hill,
Massachusetts (42°N,71°W), St. Santin, France (45°N,2°E), Arecibo, Puerto Rico
(18°N,67°W), Jicamarca, Peru (12°S, 77°W), and Malvern, England (52°N,2°W).

Excerpts of the MSIS-86 model as taken from Hedin (1987) and discussed in
detail by Hedin (1983) are described as follows.

"The temperature profile (based on Bates, 1959) 1is a function of
geopotential height for the upper thermosphere and an inverse polynomial in
geopotential height for the lower thermosphere joined at 116.5 km matching the
temperature and temperature gradient. These temperature profiles allow exact
integration of the hydrostatic equation for a constant mass (e.g., Walker,
1965) to determine a density profile based on a density specified at 120 km as
a function of geographical and solar/magnetic parameters. The transition from
mixing to diffusive equilibrium near 105 km is handled in a manner similar to
that used for Venus by Hedin et al. (1983) where net density is expressed as a
root of the sum of diffusive and mixing densities each raised to a power. The
density profiles for mixing conditions are calculated using the mean molecular
weight for the lower atmosphere with the diffusive and mixing profiles equal
at the turbopause. Critical empirical constraints are the known mixing ratios
below the turbopause, and these are achieved by explicitly selecting the
vertical flow terms to provide the desired density ratios."

For our climatology, monthly mean zonally averaged kinetic temperatures
and total densities for each month at 2 km intervals from 86-120 km for 90°S-
90°N at 10° latitudinal resolution were generated from the model. Moderate
solar and low magnetic activity conditions were used.

Further details of the three data sets described above can be found in
the appropriate references. To generate our climatology, these data sets were
merged in a manner described in the next section.



3. THE COMBINED ZONAL MEAN CLIMATOLOGY

The data fom Oort's (1983) atlas, MAP, and MSIS-86 were combined to
create a comprehensive monthly mean global climatology of zonal mean
temperature, pressure, zonal wind, and geopotential height from the ground to
approximately 120 km. The computations and methods of combining these data
sets to generate this climatology are described in the following subsections.
In some instances values were not supplied in the original data sets, e.g.,
zonal geostrophic wind at low latitudes in the MAP data, and were therefore
generated here using basic calculations.

A summary of each combined <climatological data set 1is provided in
Table 2. The values of the data sets are listed in tables in Appendix B. In
each data set, values at 80°S for 1013 mb or O km were omitted since these
levels are within the Antarctic land mass. As done in the MAP data (section
2-b), log-pressure scale height, defined as sh = -In(p/py), po 1013 mb, was
used as the vertical coordinate for data sets on constant pressure surfaces.
Table 3 1lists the scale height, pressure, log-pressure altitude, and
approximate geometric altitude (from U.S. Standard Atmosphere, 1976) of
the vertical grid levels for the zonal mean temperature, zonal wind, and
geopotential height climatology on constant pressure surfaces. Symbols and
constants used in the figures and equations in the text are listed at the
beginning of the report.

Table 2. Listing of the parameters, vertical coordinates, and
spatial ranges and resolutions of the zonal mean data
contained in the climatology.

VERTICAL VERTICAL LATITUDINAL

PARAMETER COORDINATE RANGE, RESOLUTION RANGE, RESOLUTION

A) Temperature altitude 0-120 km, 5 km 80°s-80°N, 10°

B) Pressure altitude 20-120 km, 5 km 80°S-80°N, 10°

C) Temperature log-pressure 1013-.000025 mb, .5 sh¥* 80°s-80°N, 10°
(0.0-17.5 sh)

D) Geopotential log-pressure 1013-.000025 mb, .5 sh 80°S-80°N, 10°
height (0.0-17.5 sh)

E) Zonal wind log-pressure 1013-,000025 mb, .5 sh 80°S-80°N, 107

(0.0-17.5 sh)

“* sh = -1n(p/pg), py=1013 mb
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Table 3. Listing of scale height, pressure, log-pressure altitude (used
in the cross sectional plots), and approximate geometric
altitude (from U.S. Standard Atmosphere, 1976) for each
level of the constant pressure grid (note that p,=1013 mb).

Log-Pressure Approximate
Scale Height Altitude (km) Geometric
sh = -1n(p/py) Pressure (mb) z% = 7 (=ln[p/pgy]) Altitude (km)
0.0 1013 0.0 0.0
0.5 614 3.5 4.0
1.0 373 7.0 7.7
1.5 226 10.5 11.0
2.0 137 14,0 14.2
2.5 83 17.5 17.4
3.0 50 21.0 20.6
3.5 31 24.5 23.7
4.0 19 28.0 26.9
4.5 11 31.5 30.5
5.0 6.8 35.0 33.8
5.5 4,1 38.5 37.4
6.0 2.5 42.0 41.0
6.5 1.5 45.5 45,0
7.0 .92 49.0 48.8
7.5 .56 52,5 52.8
8.0 .34 56.0 56.7
8.5 .21 59.5 60.3
9.0 .13 63.0 63.8
9.5 .076 66.5 67.4
10.0 .046 70.0 70.8
10.5 .028 73.5 74.0
11.0 017 77.0 77.0
11.5 .010 80.5 80.0
12.0 .0062 84.0 83.0
12.5 .0038 87.5 85.9
13.0 .0023 91.0 88.7
13.5 .0014 94.5 91.5
14.0 .00084 98.0 94.4
14.5 .00051 101.5 97.3
15.0 .00031 105.0 100.2
15.5 .00019 108.5 103.3
16.0 .00011 112.0 106.6
16.5 .000069 115.5 110.2
17.0 .000042 119.0 114.6
17.5 .000025 122.5 120.0




A). ZONAL MEAN TEMPERATURE IN CONSTANT ALTITUDE COORDINATES

In generating _the temperature climatology 1in constant altitude
coordinates, MAP data” were used up to 80 km, with the 85 km values computed
by linearly interpolating between the 80 km values from MAP and the 86 km
values from MSIS-86. Only MSIS-86 temperatures were used at 90 km and above.
The 95 km values were linearly interpolated from 94 and 96 km, and analogous
computations were done for the 105 and 115 km levels. Temperatures at 75, 80,
85, and 90 km were then smoothed once in height using an elemental Gaussian
filter having weights of 1/4,1/2,1/4 ("1-2-1 smoothing").

B). ZONAL MEAN PRESSURE IN CONSTANT ALTITUDE COORDINATES

In generating the zonal mean pressure climatology, pressure values for 86
to 120 km at 2 km resolution were first computed from MSIS-86 temperature and
density data via the equation of state and takgng into account the mean
molecular weight variation with height above 86 km ~.

The climatology thus consists of MAP data for 20 to 80 km with the 85 km
values computed by linearly interpolating (in log-pressure) between the 80 km
values from MAP and the 86 km values derived from MSIS-86. Only MSIS-86 data
were used for 90 km and above. Values at 95 km were linearly interpolated in
log-pressure from 94 and 96 km values with analogous computations done for 105
and 115 km. No smoothing was done. MAP pressure data was not available below
20 km, therefore this is the bottom level of our climatology.

C). ZONAL MEAN TEMPERATURE IN CONSTANT PRESSURE COORDINATES

The zonally averaged monthly meap temperature climatology in constant
pressure coordinates contains MAP data® up to 12.0 sh. Values at 12.5 sh and
above were computed from MSIS-86 data as follows. MSIS-86 temperatures at
constant altitude coordinates were 1linearly interpolated to the constant
pressure surface grid (see Table 3) from the climatology of pressure in
constant altitude coordinates (section 3-B above). Values were then 1-2-1
smoothed once in the vertical from 11.5 to 13.0 sh (.0103 - .00229 mb).

D). ZONAL MEAN GEOPOTENTIAL HEIGHT IN CONSTANT PRESSURE COORDINATES

The MAP geopotential height data were used from 2.0 to 12.0 sh; values at
12.5 to 17.5 sh were computed as follows. Lower thermospheric temperatures
from MSIS-86 were converted to constant pressure surfaces as described in
section 3-C above with a vertical resolution of 0.25 sh extending from 12.25
to 17.5 sh. Geopotential hefghts were then computed for 12.25 to 17.5 sh at
0.25 sh resolution by integrating upward hydrostatically from the 12.0 sh
level (the top level of the MAP data) and taking into account the mean

2 Note that temperatures at and below 50 mb {(and the corresponding levels
in altitude coordinates) in the MAP data were taken from Oort (1983).
For simplicity in doing the computations, mean molecular weight values
from U.S. Standard Atmosphere, 1976 were used. These were found to be
comparable to those computed from MSIS-86 composition data.



molecular weight variation with height (again values from U.S. Standard
Atmosphere, 1976 were used). Only values from 12.5 to 17.5 sh at 0.5 sh
intervals were included in the climatology. For all calculations mentioned
above and below, mean Jlayer temperatures were approximated using the
trapezoidal rule.

For tropospheric levels (0.0-1.5 sh), the use of geopotential heights
from Qort (1983) led to discontinuities when merged with MAP data. Therefore
we computed height values by integrating downward hydrostatically from the
2.0 sh level using temperatures at constant pressure surfaces from MAP data.
However compared with more detailed climatological data sets of the
troposphere, the MAP data has a relatively coarse vertical resolution and in
using this technique an incorrect assumption is made that the troposphere is
dry. Therefore these geopotential height values are most 1likely not as
accurate as those of more detailed data sets of the lower atmosphere (e.qg.
Oort, 1983), but are used here for the sake of continuity. (It was found that
in the lower troposphere, geostrophic zonal wind values derived from these
geopotential heights do not compare well with direct wind measurements.)

E). ZONAL MEAN ZONAL WIND IN CONSTANT PRESSURE COORDINATES

For 0.0 to 1.5 sh (tropospheric levels), zonal wind values from Oort
(1983) were linearly interpolated in log-pressure to the vertical grid of our
climatology for latitudes 80°S to 80°N. Values at the poles were set equal to
zero. No further computations were done for these levels.

For levels at 2.0 sh and above, several computations were involved,
described as follows.

a) 20°N-70°N (20°5-70°S). Wind at these latitudes were computed
from the zonally averaged zonal momentum equation (e.g., Holton, 1975):

+ 2ql[ulsine = —goig—i—] (1)

[u] “tane
a
where 8 is degrees latitude, a is the earth's radius, g, is the gravitational
acceleration at sea level, a2 is the angular speed of rotation of the earth,
and {z] is the zonally averaged geopotential height. Solving the quadratic for
[u] yields (after rearranging of terms),

(ul = -u t A6+ 2ulugl) (2)

where M = aqcose (the tangential velocity associated with the earth's
rotation), and [ug] is the zonally averaged zonal geostrophic wind speed
defined as (e.g., Holton, 1979),

_ 8o a[z]
Vel = - 5a57ms 3y (3)

Only the positive value of the radical in equation (2) gives a physically



meaningful result. Values of [Ug] were taken from MAP data for levels 2.0 to
12.0 sh. Geostrophic wind at 20°N-70°N (20°S-70°S) for levels 12.5 to 17.5 sh
were computed from geopotential heights differentiated over four degree
latitudinal intervals. These heights were computed from MSIS-86 data as was
done in section 3-D above, building up hydrostatically from the 12.0 sh level
for the correct latitudes (the MAP geopotential heights at 12.0 sh were first
linearly interpolated to 72°S, 68°S, 62°S, 58°S, 52°S, 48°S, etc.).

b) Equator. Since the zonal wind at the equator cannot be computed
from equations (1) - (3), we derived the zonal wind at the equator by
expressing equation (1) in spherical coordinates and differentiating with
respect to 9,

2

3 ,lu] tane 3 . _ 3, Bog[z]

ae( a )+ ae(ZQ[U]S1ne) B ae( a 236 ) (4a)
yielding,
tans a([u]’) ]’ 2 . alu] B a’lz]

" 76 + -, secs + Zns1ne—53— + 2g[uU]coss = - PRINEYY (4b)
At the equator, equation (4b) reduces to,
2 2
[u] . Boa'[z]
a + 2alu] = a 362 (5)

For monthly mean zonally averaged zonal wind at the equator within the limits
of observations (*75 m/s) (e.g., Belmont et al., 1975; Hopkins, 1975; Hirota,
1978; Hamilton, 1982), the first term on the left hand side of equation (5) is
one to two orders of magnitude smaller than the other two terms and thus it
can be neglected. With dyzads representing the northward distance increment,
equation (5) becomes,

(6)

4
[Ueq] = iy

where g8 = df/dy is a constant (beta-plane approximation) defined as 2g/a at
the equator. The second derivative of [z] with respect to y was computed using
the standard finite difference method for second derivatives using data values
at 10°S, equator and 10°N. As will be shown in the analysis of the climatology
(section 4) this computation of the monthly mean zonal wind at the equator
compares well with monthly mean radiosonde and rocketsonde wind measurements
from individual stations. (Equation 6 is a form of the thermal wind equation
at the equator, e.g., Dunkerton and Delisi, 1985).

10



c) 10°N (10°S). Zonal wind at 10°N (10°S) were computed by linearly
interpolating between zonal wind at 15°N (15°S) (computed by equation 1) and
zonal wind at the equator.

d) 80°N (80°S). Zonal wind at 80°N (80°S) were derived by assuming
the relative angular velocity (e.g., Holton, 1975),

lw] = —LUl (7)

is constant poleward of 70°N (70°S). Thus wind at 80°N (80°S) are,

Wl = lul,, 22450 (8)

By equations (7) and (8), [u] varies with the cosine of latitude poleward of
70°N (70°S) and thus [U] goes to zero at the poles. A priori this ensures that
at high Jlatitudes, the barotropic stability of the zonal mean flow is
maintained (a discussion of the stability of the climatology is contained in
appendix A).

The wind at 60°N-80°N and 60°S-80°S were then smoothed 1-2-1 once in the
vertical from 11.5 to 13.0 sh.
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4. CROSS SECTIONAL ANALYSES OF THE CLIMATOLOGY

In this section, we present various zonal mean cross sectional plots of
the zonal mean temperature, zonal wind, geopotential height and pressure
climatology in latitude-height, month-height, and month-latitude. Our goal is
to illustrate that the climatology presented here accurately reproduces
various well known features of the zonally averaged atmospheric state, and to
point out any lesser known phenomena. Temperature in constant altitude and
constant pressure coordinates reveal very similar plots (with one exception in
the lower thermosphere described below), therefore only temperature in
pressure coordinates will be discussed here. For cross sections with pressure
as the ordinate, the log-pressure altitude, z* (km) is included on the right
hand side of the plots (see Table 3 for a listing of these values). For cross
sections which have month as the abscissa, an extra month of values has been
included on each side of the plot. For example, in cross sections which run
from January to December, the December values have been added to the left edge
and the January values to the right edge of the plot. However to avoid
confusion, they have not been labeled as such.

To supplement these cross sections, the climatology of temperature and
zonal wind in constant pressure coordinates has been Fourier analyzed at each
latitude and pressure level. We present the results in the form of latitude-
height sections of the annual mean and the amplitudes and phases of the
annual, semiannual, and terannual harmonics.

A). ZONAL MEAN TEMPERATURE
Latitude - Height

Figure 1(a-1) shows latitude-height sections of temperature in constant
pressure coordinates for each month. Several common features are readily
apparent, such as the year-round cold tropical tropopause, the polar
temperature minimum (which is 16K colder in the Southern than in the Northern
Hemisphere) with midlatitude maximum in the wintertime lower stratosphere, the
warm stratopause with maximum temperatures at the summer pole, the cold
mesopause with minimum temperatures at the summer pole, and the sharp
temperature increase with height in the lower thermosphere. These features are
also reflected in the harmonic analysis cross sections in Figure 5(a-g). The
equinoctial seasons are noted for their generally weak latitudinal temperature
gradients. Other features of note are:

e The winter stratopause at high latitudes (which is in polar night) exhibits
an increase in altitude and temperature with increasing latitude. This
feature is observed in both hemispheres, although it is more pronounced in
the Southern Hemisphere.

e The equatorial tropopause temperature minimum occurs in January/February
(197 K) and the maximum occurs in July/August (202 K) (see also Figure 5c).
As hypothesized by Reed and Vlcek (1969), "the Hadley cell achieves its
greatest intensity during the Northern Hemisphere winter with strongest
upwelling and adiabatic cooling in the ascending branch of the meridional
circulation occurring at this time."

e The altitude of the mesopause temperature minimum decreases with

12
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increasing latitude in the summer hemisphere.
Month - Height

Figure 2(a-c) shows month-height plots of temperature at 80°N, 40°N, and
the equator, respectively (analogous plots for the Southern Hemisphere are
very similar). The seasonal cycles are revealed by these plots, such as the
Towering and cooling of the mesopause and the lowering and warming of the
stratopause during the summer months at middle and high latitudes. The annual
cycle becomes less robust with decreasing latitude, with only a semiannual
cycle observed in the stratosphere and mesosphere at the equator (Figure 2c¢).
This semiannual cycle is global in extent and has separate maxima in the
equatorial and high latitude regions (see also Figure 5(a-g)). It is
associated with the global scale semiannual wind oscillation which will be
discussed in a later section.

Month - Latitude

Month-latitude cross sections at 31 mb (24 km), 1.5 mb (45 km), .017 mb
(77 km), and .000042 mb (119 km) (log-pressure altitude is indicated in
parentheses) are shown in Figure 3(a-d), respectively. In these plots, the
Northern Hemisphere values have been phase-shifted by six months so that the
months run from July to June, while the Southern latitudes and the equator run
from January to December. This procedure facilitates the visual comparison of
the two hemispheres under similar conditions. At 31 and 1.5 mb, the normal
seasonal cycles are observed with summer maxima/winter minima and largest
annual cycle amplitudes at the poles. Note the large hemispheric asymmetry of
the winter polar regions in the lower stratosphere; minimum temperatures over
the Antarctic are 15K colder than over the Arctic, and the region of isolated
cold polar air is larger and longer-lived in the Southern Hemisphere at 31 mb.
The winter temperature minimum at high Northern 7latitudes occurs during
December at 31 mb and during November at 1.5 mb, with a secondary minimum
during February at 1.5 mb. However at high Southern latitudes, the winter
minimum occurs during July/August at 31 mb and May/June at 1.5 mb. This is
also observed in the annual cycle phase diagram of Figure 5c. Thus the
mechanism (most 1ikely dynamical) responsible for warming up the high
latitudes during the polar night commences roughly two months earlier at 1.5
mb than at 31 mb in the Southern Hemisphere, but only one month earlier at 1.5
mb than at 31 mb in the Northern Hemisphere. Note also the equator-to-pole
temperature gradient at 1.5 mb in the Southern Hemisphere during winter which
reverses in sign at roughly 50°S and again at 70°S (this is most pronounced
during August). This feature is related to the polar latitudinal temperature
maximum of the winter polar stratopause observed in Figure 1(a-1).

The observed reversal of the seasonal temperature cycle in the upper
mesosphere is revealed in Figure 3c (.017 mb) with maximum temperatures in the
winter and minimum temperatures in the summer (again see Figure 5c). This
phenomenon is observed up to approximately .0003 mb (105 km) above which the
seasonal cycle reverses back to maximum summer temperatures and minimum winter
temperatures (Figure 3d). Again at .017 mb there is evidence of a hemispheric
asymmetry in the annual temperature cycle at high latitudes. The maximum
temperature occurs around the solstice (mid-December) in the Northern
Hemisphere, but approximately a month earlier (mid-May) in the Southern
Hemisphere.

Above approximately .000069 mb (116 km) the amplitude of the annual cycle
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(1st harmonic) in temperature is much larger in the Southern than in the
Northern Hemisphere (Figure 3d -- see also Figure 5b). This phenomenon is
caused by a hemispheric asymmetry in the annual cycle amplitude of total
density (and thus pressure), and is therefore not observed in a similar
analysis of temperature in constant altitude coordinates. It is not known
whether this hemispheric asymmetry is real since there is insufficient global
data coverage at these levels to accurately resolve such a feature. (A. Hedin,
personal communication). This phenomenon is also observed in cross sections of
pressure in constant altitude coordinates which will be discussed later.

Globally Averaged Temperature

Figure 4 shows a month-height cross section of the deviation from the
annual mean of the globally averaged temperature (computed by weighting the
value at each latitude by the cosine of the latitude) for each pressure level
and month. Some features of interest are :

¢ A dominant annual cycle is observed in the upper stratosphere and lower
thermosphere with minima in June/July and maxima in December/January.

This is most likely due to the elliptical orbit of the earth, with the
earth-sun distance at a maximum and global insolation at a minimum during
June/July. The atmosphere would be most sensitive to this phenomenon at
levels where direct absorption of solar radiation is most efficient,
i.e., the upper stratosphere, and lower thermosphere.

e A dominant mesospheric semiannual cycle is observed with solstitial season
maxima in the lower mesosphere and equinoctial season maxima in the upper
mesosphere. At these levels it is observed that the deviation of temper-
ature from the annual average reveals a strong annual component poleward of
25° latitude which is roughly equal in amplitude and opposite in phase in
the two hemispheres and thus cancels out in the global mean. However a
global semiannual oscillation of similar phase in both hemispheres is
present with solstitial season maxima in the lower mesosphere and
equinoctial season maxima in the upper mesosphere (see Figures 5d and 5e).
This phenomenon is thus reflected in the mesospheric features observed
in Figure 4. There is evidence of a significant annual cycle in the upper
mesosphere with the minimum being less intense in December/January than in
June/July. This is again consistent with the annual variation of global
insolation caused by the annual cycle of the earth-sun distance.

The stratospheric and mesospheric features just described have been
similarly observed by Crane (1979b).

Harmonic Analysis

Many of the features observed in the cross sectional analyses described
above are more clearly evident in Fourier analyses of the temperature
climatology, as displayed in latitude-height sections in Figure 5(a-g). The
annual mean and harmonic amplitudes are expressed in degrees K and the phases
are represented by a number corresponding to the time of the first maximum,
e.g., -1 = November 15, O = December 15, 1 = January 15, etc.

A cold tropical tropopause, warm stratopause, and cold mesopause are
characteristic of the annual mean, with stratopause minima observed at 50°S
and 60°N.

The amplitude of the annual wave reaches a maximum of 26 K at 80°N at
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PRESSURE (MB)

Im (KM)

Figure 4. Month-height cross section of the zonal mean
globally averaged temperature with the annual
average at each level subtracted out. The global
average was computed by weighting the zonal
average at each latitude by the cosine of the
latitude. Contour interval of 1 K. Negative
values are dashed.
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2.5 mb with the corresponding maximum at 80°S stronger (35 K) and Tlower in
altitude (11 mb). Summer maxima are generally observed in the extratropics
from the ground to just above the stratopause. The time of maximum in the
stratosphere at high latitudes becomes earlier with increasing height more
rapidly in the Southern than in the Northern Hemisphere. These features are
consistent with the observations in Figures 3a and 3b. A minimum in amplitude
accompanied by a rapid reversal in phase is observed in the lower mesosphere
outside of the tropics. Winter maxima are observed at Tlevels from .1 to
.0003 mb and the magnitude and altitude of the amplitude maxima at the
mesopause are similar in the two hemispheres. The tropics at levels below
.0003 mb exhibit relatively small amplitudes. A minimum in amplitude
accompanied by a rapid phase reversal back to summer maxima are observed at
.0003 mb. The large hemispheric asymmetry in the annual wave amplitude above
.000069 mb observed in Figure 3d is more clearly evident in Figure 5b. The
amplitude at .00003 mb is 46 K at 80°S as opposed to 19 K at 80°N.

The semiannual cycle amplitude exhibits well known maxima in the tropics
from the upper stratosphere to the mesopause. Maxima occur during the
equinoxes in the stratosphere, shift gradually with height to solstitial
maxima in the lower mesosphere, and shift back to equinoctial maxima at the
mesopause (see also Figure 2c). Relatively large amplitudes are also observed
at high latitudes from the upper stratosphere to the mesopause. Equinoctial
season maxima are observed at the mesopause amplitude maximum, with the phase
shifting to generally solstitial season maxima at lower levels. Llarge
amplitudes with maxima at the equinoxes are also observed globally above
.0001 mb. These features are generally consistent with those observed in
Figures 3(a-d) and 4.

For the sake of completeness we have included the terannual cycle
(Figures 5f and 5g) which exhibits significant amplitudes at high Northern
latitudes in the upper stratosphere, the Southern Hemisphere upper
stratosphere centered at 50°S and the pole, and the Southern Hemisphere middle
mesosphere centered at 50°S. Note the phase transitions between regions of
large amplitude.

The features described above have been similarly observed in Fourier
analyses of Angell and Korshover (1970), McGregor and Chapman (1978), Crane
(1979b), Belmont (1985), and MAP Handbook #16 (1985).

B). ZONAL MEAN ZONAL WIND
Latitude - Height

Figure 6(a-1) shows latitude-height cross sections of the zonal wind for
each month. Again several well known features are evident:

e The upper tropospheric jet streams in both hemispheres are
strongest and are located furthest equatorward during the winter.

e A strong stratospheric/mesospheric zonal circulation is observed during the
solstice seasons, with easterlies in the summer and westerlies in the
winter hemisphere. Maximum velocities generally occur in the midlatitude
mesosphere, with a splitting of the jet streams occasionally observed
(e.g., August and September in the Southern Hemisphere). Note the
protrusion of easterlies into the stratospheric low latitudes of the winter
hemisphere, and the winter westerly (polar night) jet observed in the
stratosphere centered near 60° latitude in both hemispheres.
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e The circulation reverses near the mesopause during the solstices, with
westerlies during the summer and easterlies during the winter in the lower
thermosphere. This reversal occurs at a lower altitude and is more
pronounced in the summer hemisphere.

e« The equinoctial seasons are characterized by relatively weak global
circulation.

Latitude-height sections based on radio/rocketsonde data below 60 km and
rocketsonde, falling sphere, grenade, pressure gauge, chemical release, radio-
meteor, noctilucent cloud motion, and electron cloud drift measurements above
60 km, such as in Kantor and Cole (1964), Murgatroyd (1969), and CIRA (1972)
exhibit similar features below 70-80 km. In the lower thermosphere, all
analyses (except for Murgatroyd, 1969 which only extended up to 70 km) exhibit
a westerly Jjet centered at 30°-40° Tlatitude 1in the summer hemisphere
immediately above the mesospheric easterlies, similar to Figure 6(a-1).
However at other latitudes of the Tlower thermosphere, Figure 6(a-1) shows
generally poor agreement with the other data sets. A detailed comparison of
our climatological zonal wind with direct wind measurements in the upper
mesosphere and lower thermosphere will be discussed in section 5.

The winds at tropical latitudes seen in Figure 6(a-1) are similar to
cross sectional analyses based on several years of monthly mean radiosonde and
rocketsonde wind measurements (e.g. Kantor and Cole, 1964; Reed, 1966;
Murgatroyd, 1969; CIRA, 1972; and Hopkins, 1975). Thus in general, the zonal
wind at the equator computed by equation (6) gives a good representation of
direct measurements of the wind on a monthly mean basis.

Month - Height

Figure 7a shows a month-height cross section for 60°S. Winter westerlies
and summer easterlies characterize the stratosphere and mesosphere with a
reversal of the circulation in the Tlower thermosphere. Note the descending
westerly "polar night" jet in the lower stratosphere from August through
November.

Figures 7b and 7c show month-height cross sections at 40°N and 20°S,
respectively, with the months running from July-June. The annual cycle of the
tropospheric jet streams is seen, and stratospheric and mesospheric summer
easterlies and winter westerlies with a lower thermospheric reversal are again
observed. A second reversal back to easterlies occurs above .0001 mb during
the summer at 20°S. At 20°S the transition from westerly to easterly flow
descends with time from mid-September at the mesopause to Tate October in the
upper stratosphere. Similarly in the fall, the zero wind line is present
during mid-February at the mesopause and mid-May in the lower stratosphere. A
similar descent is observed during the spring transition at 60°S with less
dramatic descents occurring during spring and fall at 40°N (these features are
similarly observed in analogous plots for 60°N, 40°S, and 20°N). At 20°S the
easterly wind maximum is also observed to descend with time: from the
mesopause during mid-October to the Tlower stratosphere by mid-March. The
winter westerly jet maximum at 20°S exhibits a less dramatic descent: from
.1 mb during mid-August to the the upper stratosphere by mid-October. Kantor
and Cole (1964) observed similar descents with time of the zero wind lines and
jet maxima in their month-height cross sections for 30°N and 60°N.

In addition to the annual cycle, the seasonal march of the zonal wind
exhibits a substantial semiannual oscillation (SAQ) (e.g., Reed, 1966; Quiroz
and Miller, 1967; Angell and Korshover, 1970; van Loon et al., 1972; Groves,
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1972; Belmont et al., 1974; Hopkins, 1975; McGregor and Chapman, 1978; Hirota,
1978; Hamilton, 1982). The semiannual wind oscillation is global in extent
(see the harmonic analysis subsection in the following pages) and is related
to the semiannual cycle in temperature. In the equatorial region where the
annual cycle is relatively small, the SAO is the dominant zonal wind variation
in the upper stratosphere and mesosphere, as seen in Figure 7d (the annual
mean at each level has been removed). Separate amplitude maxima occur near the
stratopause and mesopause, respectively; westerlies are observed during the
equinoxes and easterlies during the solstices near the stratopause maximum
with a 180° phase-shift near the mesopause maximum (see also figures 10d,e).
This is at least qualitatively similar to representations of the SAO based on
monthly mean radiosonde and rocketsonde measurements of the zonal wind from
individual stations near the equator (see the references cited above). Figure
7d is also consistent with Hirota (1978) who showed that the SAO in the
equatorial region consists of two separate oscillations centered near the
stratopause and mesopause, respectively. Again, this illustrates that equation
(6) gives a fairly accurate representation of the zonal wind at the equator.
The lower stratosphere, which is dominated by the quasi-biennial oscillation,
also shows some evidence of a weak semiannual cycle. The troposphere and the
lower thermosphere are characterized by rather poorly defined features in this
plot.

Month - Latitude

Figure 8(a-c) shows month-latitude zonal wind cross sections at 226 mb
(10 km), 31 mb (24 km), and .34 mb (56 km), respectively. Northern Hemisphere
values have been shifted by six months with values for 10°N-90°N running from
July to June, and values for the equator to 90°S running from January to
December. Various well known hemispheric asymmetries of the annual cycle are
observed in these plots. The upper tropospheric jet stream undergoes a greater
annual variation in the Northern Hemisphere (Figure 8a), while in the lower
stratosphere the high latitude winter westerly (polar night) jet is stronger
and longer lived in the Southern Hemisphere (Figure 8b). At .34 mb (Figure 8c)
the zonal wind in the Southern Hemisphere exhibits a greater annual variation,
although not as pronounced as in the lower stratosphere. These features are
consistent with those observed in Fourier analyses displayed in Figure 10(a-
g). (At lower thermospheric levels, month-latitude plots of the zonal wind
show highly variable, unstructured patterns and thus are not shown here).

Globally Averaged Zonal Wind

Figure 9 shows a month-height cross section of the deviation from the
annual mean of the globally averaged zonal wind for each pressure level and
month. A dominant semiannual cycle is observed from 10 mb to the mesopause;
westerlies generally occur during the equinoctial seasons and easterlies
during the solstices, with some downward progression of the zero wind line
observed with time (although not as sharp as seen in figure 7d). This feature
can be explained by the fact that the annual cycle is nearly equal in
amplitude and six months out of phase in each hemisphere, thus giving a
relatively small contribution in the global average, whereas the semiannual
cycle is generally of the same phase in the two hemispheres and is thus
reinforced in the global average. (See the harmonic analysis plots in Figures
10[b-e]). An annual cycle of smaller amplitude is also evident in the upper
stratosphere and lower mesosphere, with stronger easterlies exhibited during
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January than during July.
There is some evidence of an SA0 in the lower thermosphere, with the
phase remaining generally constant with height above the mesopause.

Harmonic Analysis

Figure 10(a-g) shows latitude-height sections of the annual mean, and the
amplitudes and phases of the annual, semiannual, and terannual harmonics. The
annual mean and harmonic amplitudes are in m/s, and the phases are represented
by a number indicating the time of first maximum of westerly wind
(-1 = November 15, O = December 15, 1 = January 15).

The annual mean exhibits westerlies at all levels at middle and high
latitudes except for the upper mesosphere at 50°N-70°N. Easterlies are
observed in the tropics at all levels below the mesopause, except for a
shallow layer in the middle mesosphere. The annual mean westerlies at low and
middle latitudes between .00l and .0001 mb are relatively strong, and the high
latitude westerlies in the upper stratosphere and lower mesosphere are
stronger in the Southern than in the Northern Hemisphere.

The patterns observed in the analysis of the annual cycle amplitude
(Figure 10b) are directly related to the structure of the zonal circulation
during the solstices. The largest amplitudes coincide with the high latitude
Jet streams in the stratosphere and the midlatitude jet streams in the upper
troposphere, low to middle mesosphere, and lower thermosphere, which undergo
maximum variation from summer to winter. The midlatitude mesospheric maximum
in the Southern Hemisphere is larger and is located at a lower level than in
the Northern Hemisphere, and the tropical minumum in the upper stratosphere
and lower mesosphere is displaced slightly north of the equator. The phase of
the annual cycle is relatively uniform below the mesopause outside of the
equatorial region, with maxima during the winter season in each hemisphere.
There is some tendency for the westerly wind maximum to occur progressively
earlier with increasing height in the Southern Hemisphere stratosphere. The
phase changes rapidly just above the mesopause, with the maximum westerly wind
during the summer in the regions of the midlatitude lower thermospheric jet
stream in each hemisphere. The phase becomes indistinct in regions of small
amplitude, e.g., the lower troposphere.

The tropical semiannual oscillation centered near the stratopause
(mesopause) exhibits westerly wind maxima during the equinoxes (solstices),
similar to Figure 7d. Maximum semiannual amplitudes with equinoctial season
maxima are also observed in the middle mesosphere centered at 50° latitude in
both hemispheres. The significance of the large semiannual amplitudes at the
top level of the climatology is questionable, given the large deviation of the
wind from geostrophy observed at these levels.

The terannual wave is observed to have largest amplitudes in the lower
mesosphere at high Southern latitudes, and in the tropical lower thermosphere.
Strongest westerly winds are observed during December, April, and August in
these regions.

The features observed in Figure 10(a-g) are for the most part similar to
those observed in other studies of periodic cycles of the zonal wind, such as
Angell and Korshover (1970), Belmont et al. (1974), McGregor and Chapman
(1978), and Belmont (1985).
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C). ZONAL MEAN GEOPOTENTIAL HEIGHT
Month - Latitude

Figure 11(a-d) shows month-latitude sections of geopotential height at
2.5, .01, .00019, and .000025 mb (months run from January to December for all
latitudes). A dominant annual cycle is observed at 2.5 and .0l mb with highest
heights in the summer hemisphere and maximum amplitudes at the poles. The
tropical regions exhibit relatively little seasonal variation. This seasonal
cycle extends from the lower troposphere up to approximately the mesopause,
above which the highest geopotential heights are observed during the winter
(Figure 1llc). This reversal occurs at ~.0014 mb (94 km) 1in the Northern
Hemisphere and at ~.00031 mb (105 km) poleward of 35°S in the Southern
Hemisphere (no reversal occurs at southern low latitudes). A second reversal
back to a summer maximum/winter minimum occurs above .000042 mb (119 km) at
middle and high southern latitudes with no second reversal observed in the
Northern Hemisphere below the top level of the climatology (.000025 mb, 122 km
-- Figure 11d).

These plots allow for quick approximate conversion between pressure and
altitude coordinates. Geopotential height is approximately equal to geometric
height at the Tevels of this climatology, with a maximum error of 2% occurring
at 120 km.

Plotting geopotential height in latitude-altitude or month-altitude
reveals cross sections with only near-horizontal 1lines representing the
geopotential height contours, and thus they are not included here.

D). ZONAL MEAN PRESSURE
Month - Latitude

Figure 12(a-d) shows month-latitude cross sections of pressure at 40, 80,
100, and 120 km (geometric altitude), respectively (months run from January to
December for all latitudes -- also note the figure captions for the scaling
factors used). The 40 and 80 km levels are characterized by summer maxima and
winter minima, with largest annual variation at the poles, and a relatively
small annual cycle in the tropics. At 100 km, a Southern Hemisphere summer
maximum and Northern Hemisphere winter maximum are observed with some evidence
of a semiannual cycle exhibited at middle and high southern latitudes. The
tropics at this level exhibit a relatively strong annual variation. Thus at
100 km at each latitude, the maximum pressure occurs during November and the
minimum during July. At 120 km, the area south of ~15°N is observed to have a
strong annual variation with a November-December maximum. Only a weak
semiannual cycle is observed northward of 20°N. This hemispheric asymmetry was
previously discussed in the temperature analysis section (4-A).

Again these plots facilitate the conversion between pressure and altitude
coordinates. Since pressure decreases logarithmically with altitude, latitude-
altitude or month-altitude cross sections are useful only if the logarithm of
the pressure values is plotted. However the information presented in this form
is rather difficult to interpret and is not presented here.

35



LATITUOE

LRTITUDE

"SapnIne[ [[¢ 10J I2QUIAdd(-AFRNUEBL UM SYIUOR "WY §°() JO [BAISIUL INOJUO)) "qUW $TO000 0 (P)

pue "qu 6100070 () ‘qu 100 (q) ‘qu ¢'g (&) 18 143ty [B13u10d0a3 UBIUW [EUOZ JO SUOI}IIS SSOID IpNIIE[-YIUOW

aW S20000°
R R e i
08 N ' .
AR 3 4
2 WS )
[~ 3 -
S0 N -1
o 4
B -
sot
[.¥]
NO1 -
2
NOE
b
oS
nD)
oL
w00
NOS

gk 10°
ugsaagqqgggﬂmh
0L ¥, .
”r{ bwf
H T
: 0 |
up \m. H\\“
s o ¢ wor i
= /// I @\J \
- c_.m

UB»!-H E‘tﬂut-‘.

§§§§§§§§§B§§§§§5§§§
30011487

BERBRSRREBRENEEREE
0N11167

o~
=)
~

(9)

LATITUDE
§§§§§§§§B§H§§H§§§§

u!‘.»gﬁﬂ!#
T

)
03
NOt|
NOZ|
NOE
NO%
NDS|
NO®
NOL
NOW|
NOS!

T

I.\

/\

m \Ob

1015

[1 2andrg
W 61000°
A s @ e )
4 s08
g0l / I
*001——= 508
h&x o=
h =
\S/\L o
> . soz
£ 201 g,
g -
\ -
oz
"ot
NV
NS
we
4 noe
- nos
o5

EEEEEEREEREREEREEEEE
011141

(®)

36



s[oqe] ‘wy 08 (q) ‘qul 7°Q JO [BAIOIUL INOJUOD ‘WY (f (B) 1B 9Inssard ugsuwl [EUOZ JO SUOIIIIS SSOID 9pNINE-YIUON

"SAPNINE] [[¢ 10] 19qUIDI([-AIBNUER[ UNI SYIUOW [°Q JO [BAISIUL INOJUOD ‘(quUI
1000070 = 01 “82) qu 000‘00 1 Aq PaTeds sjaqer ‘W 071 (P) PUB "0 JO [BAId}UI INOIUOD ‘(U [000'0 = 0'T “'F3)
qui 000°01 Aq PaTeds SIOQE] ‘WY 0O (9) ¢ 170 JO [BAIFIUL INOUOD (QUW [Q°Q = O°] JO an[ea & “§'3) qui 0 Aq pa[eds

WX 021

JA AN 1DB IS OW WY N bW MY MW @3 e

T T T T

mmm/wdw g w/\\;m N/
2 | /\ N

W AN 1 J3S O T N AN W W 34 ar

WM 08

4w

Wi
T

SRR

R
o
o

rd

\

[
1

¥ W W -

T

$
\0/./
; \

i

N

ot
Ay
-\\

N

\j

;\L
A

!

L 1
oM Mr AW MW MM

&
/o

(P)

§EREEERREaBRROREREER
NL11Y7

EEEEEEL
2

28
0011187

FEEEEEARE

LATITUDE

LATITUDE

71 2In3i]

== = (2)
08 08
73 s0L
$08 = ]
s0s S0
So% SOv
i3 =3
soz oz
so1 B_M
03 Bm
w1 w1 &%
2 NOZ
3 NOE
1 NOW
S NS
NOS [ ]
NOL NOL
R R
NOS NOS
RU—. Y T T T $05 Aﬂv
$08| ‘“5
ars | .,.\.w_ﬁ_mfé-a
oo} S - S0
nv.o~. - s
SOE |- * - S0¢
4 so2
“”r J‘\ 8_m
03| 2 4m
1 C o« Ls_m
NOZ - -+ NOZ
- 2, < NOE
”.\\NS.N 02°€ \ T
0o
ol N\ &8¢ e
o \ ew// @ &\ 1 « g & . e
oo \%.P// G ’ [/ /& \@/\.5.
[T L 1 1 U i J 1 i NOS

330 AN

) | 1
120 438 oW YW NI A

B W G35 N

oy
p

AR n]
R

+

NS

18] (e
~

)

"L

o

Ok LOCR QUALITY.

37



5. ANALYSIS OF ZONAL WIND AT 65 - 120 KM

The climatological zonal wind as we have presented here (based on the
zonal mean zonal momentum equation) is a good approximation of the actual wind
below 70-80 km. Above this level, the zonal wind becomes increasingly modified
by gravity wave and tidal forcing. In order to get some idea of the magnitude
of these influences, we compared this zonal wind climatology with monthly mean
zonal wind measurements from ground-based radar stations at selected latitudes
from 65°N to 45°S, and with the monthly mean climatological zonal wind mode]l
from CIRA, 1972 (based on rocket, gun-probe, and radio-meteor techniques), for
the 65-120 km levels. Although the radar data and, to some extent, the CIRA
model at a given latitude are from one longitude zone and do not necessarily
represent zonal mean conditions, they provide a means for a general comparison
with our climatology.

Figures 13-17 show the zonal wind in constant altitude coordinates as
derived from three separate sources:

a) The zonal mean zonal momentum equation (equation 9) using monthly mean
zonally averaged pressure and density values from our climatology;

b) Monthly mean climatological radar station measurements at
Poker Flat, Alaska (65°N, 147°W); Saskatoon, Canada (52°N, 107°W);
Atlanta, Georgia (34°N, 84°W); Townsville, Australia (20°S, 147°E);
and Christchurch, New Zealand (44°S, 173°E);

c) The CIRA, 1972 monthly mean climatological zonal wind model.

For direct comparison with the radar data, our climatology and the CIRA values
were linearly interpolated in latitude and height where necessary. In some
cases only the radar or the CIRA data were available at a particular latitude
and/or altitude for comparison with our climatology.

As discussed in CIRA 1972, diurnal effects in the wind model were removed
where possible. However this procedure was limited due to the absence of data
during certain times of the day. Due to the lack of Southern Hemisphere data,
the CIRA winds above 60 km are combinations of data from both hemispheres with
Southern Hemisphere data shifted by six months.

The following is a brief explanation of the radar data sources and
analysis as taken from the MAP handbook. "The radars include medium frequency
(MF) radars or partial reflection systems giving data from 60/70 - 100/110 km
(and MST radars operating as meteor radars). The methods of data analyses are
discussed in detail elsewhere (Manson et al., 1981; Massebeuf et al., 1979;
Vincent and Stubbs, 1979; Salby and Roper, 1980; Smith, 1981; Carter and
Balsley, 1982; Clark, 1983; Aso and Vincent, 1982). Generally however, tidal
oscillations have been removed from days or groups of days. Time resolution
varies from 10-15 days to seasonal."

The radar wind values used here are taken directly from the MAP handbook
(#16) which are in the form of tabulated values except for the Poker Flat data
which were extracted from a month-height cross sectional plot in the handbook.
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The following observations are noted from Figures 13-17:

e At 45°-65° latitude, all three data sets show good agreement at and below
80 km; at 35°N at 70 km, the CIRA data and our climatology also exhibit
a strong similarity.

e At 20°S the radar data and our climatology exhibit some agreement at and
below 90 km.

e Except for 45°S, the radar data and our climatology both exhibit small

seasonal variations and primarily westerly wind throughout the year near
100 km (and 111 km at 52°N).

The strong similarities between the derived wind data and the direct wind
measurements below 80 km are somewhat surprising since we are comparing a
zonal mean wind climatology with direct wind measurements at individual
longitudes . Although this discrepancy could become more significant in the
lower thermosphere, gravity wave and tidal forcing most 1likely play the
largest role in creating the differences observed between our climatology and
the direct wind measurements above 80 km.

2
[ul tane ., aoqulsine - - iy 22l ”

(0 = density)

Labitzke et al., 1987 present a detailed comparison of the wind
observed from the medium frequency (MF) radar at Saskatoon, Canada (52°N,
107°W) and the geostrophic wind derived for 50°N, 110°W.
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6. LONGITUDINAL VARIATIONS IN THE STRATOSPHERE AND MESOSPHERE

The MAP handbook contains Tlongitudinal variations of monthly mean
climatological geopotential height and temperature data for the stratosphere
and mesosphere. These are analyzed in the form of amplitudes and phases of
zonal wave numbers 1 and 2 on constant pressure surfaces. The data extend in
the vertical from 83 to .0062 mb (2.5 to 12.0 sh) and cover the latitudinal
range 80°S to 80°N at 10° resolution.

The user «can construct Tlongitudinal arrays of temperature (or
geopotential height) at a given latitude, pressure level, and month by,

T(x) = Ty + T,cos(r - ¢,) + T,cos(2x - ¢,) (10)

where T, is the zonal mean, T, and T, are wave number one and two amplitudes,
¢, and ¢, are wave number one and two phases, and x» is the longitude in
degrees east. A detailed analysis of this data can be found in the MAP
handbook. This data can also be used to generate latitude-longitude grids of
horizontal geostrophic wind as giscussed below.

Zonal geostrophic wind for 15°N-85°N (15°S-85°S) at every 5° of
longitude was generated from the geopotential height grid described above by,

Y/
U8 = - 2as7ne 3y (11)

(geopotential height was interpolated to the pole in order to calculate the
wind at 85°N and 85°S). Zonal wind at the equator at 5° longitudinal intervals
was derived by,

Ueq = - - —= (12)

Figures 18(a-d) and 19(a-d) show the longitudinal variations of the zonal
geostrophic wind on cylindrical equidistant projections at 11 mb and .21 mb,
respectively for January, April, July, and October. In addition to the
latitudinal variations observed in the zonally averaged climatology discussed
in section 4, well known Tlongitudinal features are readily apparent. The
solstice seasons are characterized by zonally symmetric easterly flow in the
summer hemisphere with a much more disturbed westerly flow in the winter
hemisphere. Due to the superposition of planetary waves on the zonal flow, the
jet maxima are more pronounced in the winter hemisphere. April and October are
somewhat similar to the wintertime circulation in the extratropics, although
the flow is generally weaker.

Meridional geostrophic wind for 10°N-80°N (10°S-80°S) at every 5° of

For simplicity we present geostrophic wind here (for both zonal
and meridional components). However a more accurate representation of
the wind is obtained by using the methodology described in section 3-E.
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longitude was also computed from the latitude-longitude grid of geopotential
height by,

8o 3z
V& = 3357ns ax (13)

Meridional wind at the equator at 5° longitudinal intervals was computed by,

8o 3 .3z
Veq = o 5;(5; (14)

Equation (14) was derived by a procedure analogous to that done for the zonal
wind at the equator (originally derived for the zonal mean zonal wind at the
equator -- section 3-E). Figures 20(a-d) and 21(a-d) show the meridional
geostrophic wind for January, April, July, and October at 11 mb and .21 mb,
respectively. Positive values indicate flow from south to north in both
hemispheres. The amplitude of the planetary waves can be directly related to
the strength of the meridional flow. In January (Figures 20a and 2la), the
high northern latitudes are observed to have strong southward flow centered
over western Canada and Alaska with northward flow centered over eastern
Siberia, indicating a strong planetary wave 1 feature. At high latitudes the
meridional wind is as strong as or stronger than the zonal wind at 11 mb in
January. The Southern Hemisphere in January exhibits very weak meridional
flow, consistent with the near-absence of planetary waves in the summer
hemisphere. In general, meridional flow patterns of zonal waves one and/or two
are observed in all seasons except summer in both hemispheres, with largest
velocities observed during the Northern Hemisphere winter.

We have included the plots in Figures 18-21 to illustrate the potential
uses of such longitudinal variations of various atmospheric parameters.
However, the user should keep in mind that these zonal and meridional wind
values are derived from data averaged over just two or three years.
Longitudinal variations of temperature and wind exhibit large interannual
variability in the middle atmosphere, so that observations from other years
may have much different patterns.
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7. COMPARISON WITH NMC DATA

Data from the National Meteorological Center (NMC -- Washington, D.C.) is
widely used by atmospheric scientists as a climatological base state for
observational and numerical modeling research and analysis. For this reason,
we compare the NMC data with our zonal mean climatology.

NMC provides pole to pole temperature and geopotential height data on a
latitude-longitude grid of five degree resolution at eight pressure levels
from 70 to 0.4 mb. This data is available in the form of monthly averages from
October 1978 through November 1986 and is based on satellite data (from the
Vertical Temperature Profiler Radiometer -- VTPR, and the TIROS Operational
Vertical Sounding system -- TOVS) above 10 mb, and radiosonde and satellite
data at and below 10 mb. The temperatures and geopotential heights above 10 mb
were adjusted with rocketsonde data by a regression method described by
Gelman et al. (1986).

We derived zonally averaged zonal wind values from the NMC geopotential
height data in a manner similar to that done for our climatology (section 3-
E). Zonal wind for 12.5°N-77.5°N (12.5°S-77.5°S) at five degree intervals was
generated by equation (1). Zonal wind at the equator was dgenerated from
equation (6), with wind at 7.5°N (7.5°S) and 2.5°N (2.5°S) 1linearly
interpolated from the zonmal wind at the equator and 12.5°N (12.5°S) wind.
Zonal wind at 82.5°N (82.5°S) and 87.5°N (87.5°S) was derived by assuming the
relative angular velocity (equation 7) to be constant poleward of 77.5°N
(77.5°S).

Figures 22(a-h) and 23(a-h) show our zonal mean climatology compared with
the eight year (nine year for October) average of the zonal mean NMC data for
January, April, July, and October for temperature and 2zonal wind,
respectively. For these plots, the NMC data were linearly interpolated in log-
pressure to the vertical grid of our climatology for easier visual comparison.
The general features are similar in both temperature data sets such as the
warm summer polar stratopause, the latitudinal maximum at the winter polar
stratopause (which is most pronounced in the Southern Hemisphere), and the
cold winter lower stratosphere. The zonal wind plots also show general
agreement of the 7large scale features such as the summer hemispheric
easterlies, winter hemispheric westerlies, and high latitude winter westerly
(polar night) jet. The largest differences occur in the tropics where the NMC
data exhibits stronger westerlies and weaker easterlies during all months.
Also, the winter hemispheric zero wind line is observed to be closer to the
equator in the NMC data.

Although some of the differences observed in the two data sets may
reflect differences in the various instruments used, natural phenomena such as
interannual variability or the 11 year solar cycle may also be a source of
discrepancy since our climatology at these levels contains data from 1963 to
1978 whereas the NMC data has a period of coverage of 1978 to 1986.
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8. CONCLUSIONS AND OUTLOOK

In this report we have presented a climatology of several atmospheric
parameters using current data sources which provide global coverage from the
ground to 120 km. Based on current knowledge, this climatology provides a
reasonably accurate representation of the zonally averaged atmospheric state.
It is hoped that this climatology will provide a useful data base for
observational and theoretical studies, and a guidance for instrument design
and development.

Numerous satellite and ground-based measurements provide relatively
complete spatial and temporal data coverage below 80 km (on a global monthly
mean basis). However many atmospheric phenomena remain in question, such as
the polar latitudinal temperature maximum of the winter polar stratopause and
the relationship of the temperature and wind fields to the annual springtime
depletion of ozone over the Antarctic.

Knowledge of the upper mesosphere and lower thermosphere is limited due
to the relative sparsity of data, and the complex forcing mechanisms observed
at these levels, e.g., gravity waves and tides, cause basic approximations
such as geostrophy to be inaccurate. However, the development of a global
distribution of radar systems (Manson et al., 1985, 1986) is providing a
substantial array of direct wind measurements for the 60-110 km region. Using
MSIS-86 data, we are also investigating the diurnal variations of the
horizontal wind in the lower thermosphere.

Through the on-going development of a global network of satellite and
ground-based measurements, knowledge of the atmosphere as a whole will
continue to increase.

Acknowledgments. We would like to thank A.E. Hedin of NASA/Goddard
Space Flight Center, Greenbelt, Maryland and M.E. Gelman of NMC, Washington,
D.C. for supplying their data and for helpful discussions. Thanks also to K.
Labitzke of the Meteorological Institute, Free University Berlin, Federal
Republic of Germany for helpful comments.
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APPENDIX A : STABILITY ANALYSIS OF THE CLIMATOLOGY

In order to estimate the magnitude of bias that both long wave components
and smaller scale eddies have on the mean zonal flow, a stability analysis was
done on the zonal mean temperature and zonal wind climatology in constant
pressure coordinates. An explanation of the effects of stability, as taken
from Schoeberl and Zalesak (1976) is as follows: "If the mean zonal wind field
js stable to wave perturbations, then any finite amplitude eddy disturbances
can be assumed to arise from boundary (tropospheric) forcing. If the flow
field is unstable, then finite amplitude disturbances may arise spontaneously
from infinitesimal, Tlocal disturbances. The stability of the zonal flow is
computed using the Charney-Stern stability criteria (Charney and Stern, 1962)
for an atmosphere bounded by rigid walls. A necessary criterion for stability
is that Q (the latitudinal gradient of potential vorticity), defined as

3 (] 3 {w] 2 2 3, e %afu]
Q = 2(2+ [w]) - —;'92— + 3tans Y - sing e E(T 32) (A-1)
(1) (2) (3) (4)

does not change sign within the bounded region". Note that here, z=1n(p,/p),
and s is the static stability defined as

s = R (I + 2T (A-2)
(22a) z

where R is the gas constant for dry air, «=R/C_ (C_ is the specific heat of
dry air at constant pressure), T is temperature,pandpa11 other symbols are as
previously defined. Figures Al-Al12 show latitude-height sections of Q for each
month. Standard center differencing was used in the calculations. It is
evident that there are regions of instability in the climatology. Largest
areas of instability occur in the summer hemisphere mesosphere at 50°-80°
latitude, and in the winter hemisphere mesosphere and lower thermosphere at
50°-60° latitude (although instability sometimes occurs further poleward as
well, e.g., January and February in the Northern Hemisphere). A term by term
analysis of equation (A-1) reveals that sign changes in Q in these regions at
50°-70° latitude result mainly from sign changes in terms 2 and 4 (terms 1-3
are barotropic terms and term 4 is a baroclinic term). Recall that in the
zonal mean zonal wind derivation (section 3-E), [w] was defined to be constant
poleward of 70°N (70°S), thus maintaining barotropic stability of the zonal
mean flow at high latitudes. Therefore the instability observed poleward of
70°N (70°S) in Figures Al-Al2 is baroclinic. Figures Al-Al2 also reveal a
certain amount of hemispheric symmetry, i.e. instability patterns in summer
and winter are similar in both hemispheres. Note also that March and September
exhibit relatively small areas of instability.
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The Charney-Stern stability criterion is based on the assumption that the
given data sets represent zonal mean conditions. This assumption would seem to
be valid for this climatology, given the extensive longitudinal coverage of
data for the troposphere (from a large radio/rocketsonde network) and the
stratosphere, mesosphere, and lower thermosphere (based primarily on satellite
measurements). Therefore it appears that the regions of instability observed
in Figures Al-Al2 indicate that small scale eddies may develop from local
disturbances in the zonal mean flow, even on a monthly averaged climatological
basis. (Further discussion of stability of the zonal mean flow can be found in
Matsuno, 1970.)
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258.9 257.2 255.5 257.7 263.4 265.9 267.1 269.2 269.7
252.8 252.3 252.2 256.1 260.9 263.8 267.@ 269.3 270.2
237.8 236.2 237.9 243.8 248.6 232.3 237.0 260.4 261.6
220.8 219.5 223.6 229.6 235.3 239.4 243.0 246.5 247.8
210.3 211.9 2156 220.6 225.1 228.4 230.6 231.5 231.e
203.6 209.0 216.3 219.7 221.2 221.6 221.5 221.1 220.3
212.1 214.6 216.9 217.4 214.9 211.3 200.8 206.4 206.9
217.1 219.1 219.8 217.6 213.1 207.4 202.5 199.5 199.1
218.3 219.7 220.6 222.@ 226.¢ 231.6 237.0 239.3 239.7
233.7 237.8 244.7 252.5 260.7 266.9 271.2 272.4 272.%
2796.5 274.5 280.8 288.9 295.0 298.8 381.90 301.1
ZONAL MEAN TEMPERATURE (K)
LAT I TUDE
70S 605 5es 40S 3es 208 1es EQ
367.7 368.2 39.0 370.0 371.3 372.8 374.4 376.1 378.0
288.3 .6 293.1 295.0 295.4 294.8 294.0 294.0 295.8
245.4 243.5 239.9 234.6 228.5 223.2 226.0 219.8 222.6
218.6 215.3 210.3 204.4 198.9 194.9 192.8 192.9 194.6
201.1 198.6 195.9 191.4 188.6 187.0 186.6 187.1 187.7
196.4 194.5 192.0 189.4 187.4 186.4 186.4 186.9 187.3
206.1 204.0 201.1 198.0 194.8 192.2 190.7 190.4 198.5
219.6 217.1 213.7 210.2 205.9 201.6 198.8 198.0 197.5
231.0 227.2 223.2 219.4 213.9 208.0 204.6 .0 205.2
234.1 231.6 239.0 225.1 218.6 211.9 207.1 203.7 206.1
235.90 235.2 236.6 230.8 223.7 216.9 210.6 206.9 207.4
248.6 241.9 243.7 237.3 231.0 228.9 225.4 222.3 22).4
249.8 .5 249.3 243.5 238.5 240.1 241.6 243.0 243.%
257.6 257.0 253.2 249.2 248.1 252.90 256.1 258.5 238.7
200.4 259.5 254.8 252.3 255.7 261.3 264.8 266.7 266.7
253.6 251.5 246.8 247.1 255.2 261.0 265.3 265.8 266.0
236.7 234.8 231.8 233.7 241.5 249.8 255.5 258.0 258.7
220.6 217.6 215.@ 218.5 228.5 236.2 242.4 246.1 247.3
204.2 202.9 204.7 212.6 220.9 226.9 229.8 231.7 231.4
187.5 196.5 206.6 214.6 219.2 221.1 221.5 221.3 220.6
198.5 204.3 219.4 215.0 215.1 212.3 209.2 207.4 206.8
206.5 210.2 214.3 216.2 214.0 208.6 203.@0 199.9 199.7
211.7 214.3 216.8 219.5 223.3 229.4 235.6 .8 239.3
231.8 236.6 243.4 250.7 258.1 264.6 270.0 272.3 272.%5
273.4 276.7 280.7 287.5 293.4 .8 5 1.9
ZONAL MEAN TEMPERATURE (K)

LAT | TUDE
80S 76S 605 50S 40S Jos 20S 105 €Q
363.0 363.5 384.5 363.9 367.5 369.4 371.3 373.7 376.0
283.5 285.9 288.6 2990.6 291.4 291.1 290.9 291.6 294.0
212.9 242.8 236.9 231.3 225.1 220.1 217.6 218.2 222.
220.2 216.4 210.7 204.2 198.2 193.9 191.9 192.2 194.3
206.5 203.3 198.7 194.0 190.1 187.6 186.8 187.0 187.7
204.4 201.6 197.6 193.4 189.8 187.5 1868.7 187.¢ 187.3
213.9 211.¢ 206.8 .1 197.3 193.3 190.9 1990.3 190.2
24.4 221.5 217.7 213.4 208.1 202.6 198.7 197.1 196.4
228.1 224.9 221.6 218.6 213.1 206.5 202.4 202.2 202.4
2%0.1 228.0 227.2 4 217.8 209.4 204.4 203.) 203.8
234.6 234.9 236.5 232.5 224.4 215.5 208.2 205.8 206.2
243.0 244.3 248.3 241.2 233.9 228.8 224.4 222.0 222.7
204.3 255.4 254.3 248.4 241.5 241.1 241.2 242.6 243.1
205.0 264.86 258.9 253.2 248.7 231.6 233.1 257.8 237.5
267.3 265.1 259.5 254.3 254.7 260.5 264.3 264.8 264.4
257.1 254.9 250.6 247.3 252.8 299.3 263.7 262.5 262.%
240.1 239.4 235.0 231.4 236.9 247.1 233.4 234.7 233.0
223.4 222.3 213.7 212.6 221.8 232.5 240.5 244.1 244.7
199.6 199.9 200.5 206.6 217.1 225.7 228.7 230.7 230.4
1860.2 188.8 200.4 211.2 218.1 220.7 221.) 228.5 220.3
191.3 198.9 206.6 213.3 215.2 212.9 218.2 208.8 208.1
198.0 204.0 210.8 215.9 215.6 209.7 203.8 200.8 200.8
207.1 210.4 213.9 218.0 222.4 228.8 235.5 238.3 238.9
231.1 235.@ 241.7 248.9 255.5 262.7 269.3 272.6 272.2

260.4 274.2 279.9 2066.3 292.0 296.9 J00.0 J00.7
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